Nuclear power is an important part of the UK Government's plan to improve energy security, and build a more balanced, decarbonised economy. Recent legislation establishes a framework for selecting potential sites for new nuclear build (NNB) and the terms for meeting the full costs of decommissioning and waste management. In this context, there are specific requirements to consider flood risk and to adapt to climate change. However, there is uncertainty about how climate risks might evolve and how these could be managed within each phase of a plant's life-cycle: design, operation, decommissioning and fuel storage.
Introduction
The UK Government's Climate Change Act (2008) sets out a long-term commitment to reduce national emissions of greenhouse gases by 80% by 2050. The UK Low Carbon Transition Plan 1 contains five points of action: (1) protecting the public from immediate risks (such as heatwaves, flooding and coastal erosion); (2) factoring climate change into the design of new infrastructure and plans for natural resource management (such as water); (3) limiting global temperature increases to less than 2°C through international agreements on emissions; (4) building a low carbon economy with the immediate aim of cutting UK emissions by 34% by the 2020s; (5) supporting individuals, communities and businesses in reducing their own emissions and adapting to unavoidable climate change. In short, the plan seeks to cut emissions whilst improving security of energy supply and maximising economic opportunities. This would be achieved through a mix of clean energy technologies such as renewables, nuclear, carbon capture and storage.
The scale of the challenge is daunting. First, the emission reduction targets must be achieved against a backdrop of aging power generation infrastructure, at least cost to the taxpayer, and with nature conservation in mind. By 2020 about one quarter of the UK's electricity generating capacity will need to be replaced . Third, the Severn Tidal Power scheme could provide up to 5% of current electricity generation, but the 2010 Feasibility Study concluded that costs to the taxpayer and risks to the environment would be excessive compared to other low-carbon energy options. Hence, at this time, the UK Government believes that a mix of nuclear power with wind energy, carbon capture and storage is a better option.
The aim of this paper is to consider how climate risks might evolve and be managed during the design, operation, decommissioning, and fuel storage phases of new nuclear build (NNB). We begin by outlining the legislative context to the latest era of nuclear power expansion. We then describe components of sea-level rise which potentially increase the risk of coastal erosion and flooding of the proposed NNB sites over the next two centuries.
Despite the large uncertainty in regional climate change over these time-scales, we demonstrate that there are still a range of practical steps than can be taken to manage the evolving risks and maintain them at acceptable levels throughout the NNB life-cycle.
Legislative context to new nuclear build
The Planning Act (2008) introduced Energy National Policy Statements (NPSs). These set out the framework for approving nationally significant infrastructure for supplying low-carbon energy. Separate NPSs are provided for Fossil Fuels; Renewables; Gas Supply and Gas and Oil Pipelines; Electricity Networks; and Nuclear. The Strategic Siting Assessment (SSA) and Environmental Assessment processes (see Table 1 Extreme sea levels in the 21st century and beyond . Over the course of the 21st century and beyond, six major components of extreme sea level must be considered (labelled [a] to [f] in Table 3 There is relatively limited information on changing wave conditions. It is generally accepted that wave heights have increased in the boreal winter over the past half century in the highlatitudes of the northern hemisphere (especially in parts of the North Atlantic) 16 . The Delta
Commission concluded that projected changes in the wave climate are small relative to natural variability, vary between climate models because of their differing wind fields, and are insensitive to the greenhouse gas emissions scenario. Relatively short observational records further compound the large uncertainty in wave statistics. This uncertainty is reflected in the range of UKCP09 projections of future wave climate which span -35 cm to +5 cm for changes in the winter mean wave height, and -1.5 m to +1 m for the annual maxima. Table 3 shows that in the worst case, the above components could linearly combine to change extreme water levels by up to +4.3 m by 2100 and up to +5.8 m by 2200. Figure 3 shows extreme water levels excluding changes in the wave environment. Since the various constituents arise from different sources it is not possible to attach return periods or probabilities to the resulting levels. Indeed, estimation of the nuclear industry standard 10 -5 event is problematic under any circumstances let alone for 2200. This implies that additional techniques for managing risk are needed beyond a conventional scenario-led approach.
Adaptation options for new nuclear build sites
Other disciplines are increasingly turning to vulnerability-led or "bottom up" methods of adapting to uncertain climate change. It is recognised that societal responses to climate hazards can take many different forms, ranging from changes in behaviour to reduce risk exposure, through to major investments in new assets to protect vital infrastructure, and/or better forecasting and contingency planning (Table 4) . Robust adaptation measures are typically low regret, reversible, incorporate safety margins, employ 'soft' solutions (that is adjustments to operational practice), flexibility and yet are mindful of actions being taken by others to either mitigate or adapt to climate change, as well as other relevant drivers 17 .
Anticipatory (or proactive) adaptation at the level of NNB sites requires different types of evidence and approach at different phases in the project life-cycle (Table 5) . Two contrasting design strategies might be adopted. On the one hand, large safety margins might be incorporated within the design, accompanied by systematic monitoring and maintenance.
Here adaptation to a specified amount of climate change is factored from outset. On the other hand, designs with smaller freeboard, yet greater capacity for more frequent upgrade and retrofit might be incorporated. This strategy puts more emphasis on continued surveillance of risks, as well as on corporate and regulatory stability over many decades.
During the design phase, the latest climate projections and expert judgements of hazards can be incorporated within safety margins for fundamental elements such as platform level. [Indeed, the UK nuclear power industry is already assimilating knowledge of the extreme levels described in Table 4 ]. Potentially vulnerable features of the overall design can be identified (such as internal flooding via cooling system ingress) and constructed to much higher standards. Modelling can be used to explore potential changes in the behaviour of the heat sink or the future distribution of marine species such as jelly-fish and eel. This information could be used in the specification of new cooling water intakes and outfalls (Plate 2). Modular designs, particularly for components most sensitive to SLR, and set aside of land can help build flexibility and contingency within the site plan to accommodate large uncertainty in rates of SLR, coastal erosion and flooding.
As noted above, it is critical that monitoring systems are established so that data on evolving hazards and conditions on/around the site can help plan for any retro-fit or upgrade throughout the operational life-time. Indeed, real-time information on changing environmental factors and asset conditions is critical to adaptive management within a periodic review process. The data inventory should include repeat, high-resolution surveys of shoreline position and elevation, routine measurement of tide and wave heights, marine biota, and in situ meteorology. Much of this information is required for shoreline management at the subcell and cell level1 F ii , so there is scope for coordination and cost-saving.
The operational phase may last more than 60 years. During this time, the plant will be subject to periodic safety reviews and legislation to minimise environmental impact (Table   5 ). Co-benefits may arise from shared strategies for managing the coastal zone with accelerates, the cycle length of periodic reviews could be reduced.
ii http://www.defra.gov.uk/environment/flooding/documents/policy/guidance/smpguide/smpgvol1.pdf
Power plant owners will also want to keep disruption of operations to a minimum (such as bio-fouling of intakes, recirculation of the thermal plume, temporary reductions in the heat sink efficiency, flooding or wave over-topping damage to infrastructure). Changes in the marine environment and storminess could reduce the economic performance of the plant through more frequent outages or higher pumping and refuelling costs. Periodic upgrading to higher specifications when screens or pumps are replaced could help counteract these concerns. Longer-lead and/or more accurate extreme weather forecasts could facilitate rescheduling of maintenance or trigger contingency plans.
Ahead of de-commissioning (Table 5 ) there will be a need for visioning of future conditions and land-use options at the site, extending well into the 22nd century and beyond.
There is no universal blueprint for adaptation, not least because there is no single adaptation pathway or 'end point'. But there is consensus amongst climate models that the SLR commitment is for centuries to come 18 . Furthermore, unless there is stabilization of greenhouse gas concentrations, the risk of abrupt climate change -leading to rapid changes in mean sea level -is expected to increase with time 19 . Therefore, ahead of the decommissioning and fuel storage phases the onus must be on planning for the long-term security and integrity of the site. Depending on the pace of SLR it may be necessary to redesign, raise, or increase protection of repositories. It is not inconceivable that some sites could eventually become headlands or even islands, heavily defended against tidal erosion, flooding and wave attack. The ultimate adaptation solution would be to relocate the stored material.
Finally, we should keep in mind that the institutional and societal priorities of that time are unlikely to resemble those of today. There should also be a further century of monitoring and scientific endeavour to support decision-making. For instance, decade to decade variations in North Atlantic storminess might be better understood and predicted. However, the companies that installed the power plants may no longer exist, so some thought is needed about continuity management and regulation of the sites.
Conclusions
The • Demographics
• Proximity to military activities
• Flooding
• Coastal processes
• Proximity to hazardous industrial facilities
• Proximity to civil aircraft movements
• Internationally designated sites of ecological importance
• Nationally designated sites of ecological importance
• Areas of amenity, cultural heritage and landscape value
• Size of site to accommodate operation
• Access to suitable sources of cooling Table 2 Planning policy statements (PPS) affecting new nuclear site proposals in the UK.
• PPS1: Delivering Sustainable Development (and the Climate Change Supplement)
• PPS4: Planning for Sustainable Economic Growth 
